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Abstract. While work in temperate forests suggests that there are consistent differences in
plant—soil feedback (PSF) between plants with arbuscular and ectomycorrhizal associations, it
is unclear whether these differences exist in tropical rainforests. We tested the effects of mycor-
rhizal type, phylogenetic relationships to overstory species, and soil fertility on the growth of
tree seedlings in a tropical Bornean rainforest with a high diversity of both ectomycorrhizal
and arbuscular mycorrhizal trees. We found that ectomycorrhizal tree seedlings had higher
growth in soils conditioned by close relatives and that this was associated with higher mycor-
rhizal colonization. By contrast, arbuscular mycorrhizal tree seedlings generally grew more
poorly in soils conditioned by close relatives. For ectomycorrhizal species, the phylogenetic
trend was insensitive to soil fertility. For arbuscular mycorrhizal seedlings, however, the effect
of growing in soils conditioned by close relatives became increasingly negative as soil fertility
increased. Our results demonstrate consistent effects of mycorrhizal type on plant-soil feed-
backs across forest biomes. The positive effects of ectomycorrhizal symbiosis may help explain
biogeographic variation across tropical forests, such as familial dominance of the Diptero-
carpaceae in southeast Asia. However, positive feedbacks also raise questions about the role of

PSFs in maintaining tropical diversity.
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INTRODUCTION

Localized accumulation of species-specific natural
enemies has been hypothesized to influence the diversity
and structure of plant communities by limiting conspeci-
fic recruitment and thereby preventing competitive
exclusion by dominant species (Janzen 1970, Connell
1971). While the original Janzen-Connell framework
focused primarily on herbivorous arthropods and seed
predators, soil-borne microorganisms are also important
natural enemies that strongly influence seedling recruit-
ment (Augspurger 1983, Bever et al. 1997, Gilbert 2002,
Mangan et al. 2010q). Experiments measuring plant
growth in soils conditioned by conspecifics often show
more negative effects of microbes compared with soils
conditioned by heterospecifics, an effect known as nega-
tive plant soil feedbacks (PSFs) (Bever et al. 1997, Man-
gan et al. 2010a). Because of their potential role in
causing  conspecific  negative  density-dependence
(CNDD), PSFs can shape plant species’ population
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dynamics and community structure (Condit et al. 1992,
van der Heijden et al. 1998, Klironomos 2002, Comita
et al. 2010, Bagchi et al. 2010a, 2014, Mangan et al.
2010b, Johnson et al. 2012).

Despite the potential importance of negative PSFs in
maintaining diversity in tropical forests, recent evidence
has shown that the strength and direction of PSFs can
vary dramatically (De Long et al. 2018). For example,
PSFs ranged from positive to negative between co-occur-
ring tree species (Bennett et al. 2017), and the same tree
species have been shown to vary in PSF strength across
sites (Liu et al. 2015, Kivlin et al. 2018). One likely rea-
son for this variation is that co-occurring plant species
often host distinct suites of specialized symbiotic
microbes (Duhamel et al. 2019). Mycorrhizal fungi are
perhaps the most common form of variation in plant—
microbe symbiosis, with 67% and 31% of trees forming
host-specific associations with either ectomycorrhizal
(EM) or arbuscular mycorrhizal (AM) fungi, respec-
tively, in a global forest inventory data set (Steidinger
et al. 2019). A number of functional differences exist
between EM and AM fungi, including host specificity,
dispersal ability, enzymatic capacities, pathogen protec-
tion, and effects on the overall soil microbiota (Bruns
and Shefferson 2004, Morris et al. 2007, Hoeksema
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et al. 2010), that could lead to variation in PSF strength
(Bennett et al. 2017, Teste et al. 2017). Indeed, a land-
mark study by Bennett et al. (2017) found that EM trees
in temperate North America generally experienced a
positive effect of home soil microbes (i.e., positive PSF)
while AM trees generally experienced a negative effect of
home soil microbes (i.e., negative PSF). Similarly, a
recent field survey from subtropical China found that
accumulation of EM fungi in the soil was correlated with
reduction in CNDD strength (Chen et al. 2019). Despite
these results, the generality of mycorrhizal effects on
plant—soil interactions across the global diversity of for-
est types and abiotic conditions is not known. This
knowledge is particularly important since positive PSF
may act to reduce the capacity for species coexistence
(Stump and Comita 2018) and has consequences for our
understanding of global plant diversity.

One major reason for uncertainty in the generality of
mycorrhizal effects on PSF is the paucity of experimen-
tal studies from tropical forests. While some studies have
looked experimentally for the evidence of positive feed-
backs in tropical EM tree species (e.g., McGuire 2007,
Corrales et al. 2016), these studies have focused on single
tree species that form monodominant stands that are
outliers within otherwise mixed forests dominated by
AM symbiosis (Janos 1980, Torti et al. 1997). However,
EM symbiosis is common in some tropical rainforests,
such as in Southeast Asia, where a diverse suite of EM
trees can cumulatively account for ~40% of the basal
area across a large extent of mixed forest (Proctor et al.
1983, Alexander and Hogberg 1986, Brearley 2012). Yet,
no experimental studies of plant—soil feedback have been
conducted using multiple tree species from mixed EM—
AM tropical rainforests. Thus, whether consistent differ-
ences in PSF exist between dominant mycorrhizal host
types in tropical rainforests has not been established
experimentally at the community scale.

Soil conditions may also interact with mycorrhizal
associations to generate variation in the outcome of
plant—soil-microbe interactions. Interactions with sym-
biotic organisms are well known to vary with environ-
mental context (Bronstein 1994). The beneficial effects
of AM fungi have been shown to be particularly sensitive
to the local soil environment, in some cases changing
from mutualistic to parasitic on soil formations with
high soil nutrient levels (Bronstein 1994, Johnson et al.
2010). Mycorrhizal fungi may also influence the local
soil environment directly. EM fungi are often correlated
with increased soil carbon and decreased mineral nitro-
gen (Phillips et al. 2013, Averill et al. 2014). This may
create a competitive advantage for EM plants as EM
fungi appear to have greater enzymatic capacity to
access nutrients bound in the complex organic forms
found in the plant litter of nutrient-depleted soil (Read
and Perez-Moreno 2003, Lindahl and Tunlid 2014), but
see (Pellitier and Zak 2017). Thus, the beneficial effects
of mycorrhizal fungi on plant growth are likely to vary
due to local biotic factors and underlying parent
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material that affects soil fertility. However, it is not clear
whether this translates to systematic differences in the
net PSF effect experienced by AM and EM plants across
soil fertility gradients.

Plant species within a community also vary in how
much overlap there is between the communities of
microbes that accumulate in the soils they condition.
Overstory trees can shape the soil microbial community
encountered by a seedling via root exudates, litter chem-
istry, and the accumulation of host-associated mutualists
and pathogens. Because traits such as litter chemistry
and microbial associations can be evolutionarily con-
served, the phylogenetic relationship between a seedling
and the nearest overstory tree may predict whether such
localized soil biota enhance or reduce seedling growth
and/or survival, with potential consequences for com-
munity structure (Gilbert and Webb 2007, Liu et al.
2011). Experiments growing seedlings in soils with differ-
ent inocula have shown that PSFs are more strongly neg-
ative when seedlings and the adult tree nearest the soil
inoculum source are phylogenetically closely related
(Bagchi et al. 2010a, Liu et al. 2011). However, PSFs
measured in such experiments are the net outcome of
not only the negative effects caused by soil pathogens,
but also the positive effects of soil mutualists, which also
may be more similar between more closely related spe-
cies (Nara 2006, Ishida et al. 2007). As a result, the
greater host specificity often associated with EM sym-
biosis (Bruns et al. 2002, Davison et al. 2015) may cause
PSF to vary more strongly with evolutionary relatedness
for EM, compared to AM host species.

To dissect these key sources of variation in PSF, we
conducted a shadehouse experiment to test whether the
growth of seedlings in field conditioned soils depends on
a tree species’ mycorrhizal type (EM vs. AM), the effects
of shared evolutionary history on host specific soil
microbes, and the associated soil conditions (i.e., differ-
ences in soil physical and chemical properties due to
both host effects or underlying geological variation).
Our study site is a high-diversity Bornean rain forest
that is co-dominated by EM and AM tree species, and in
which tree species composition varies strongly along a
geologically driven soil fertility gradient (Davies et al.
2005). This system allowed us to experimentally test the
effects of soil fertility (due to host effects and distinct
soil formations) and mycorrhizal type on PSF in an eco-
logically meaningful context. Many studies calculate
PSF as a ratio of the plant growth response in conspeci-
fic-conditioned soil to an average response across
heterospecific-conditioned soils of unspecified phyloge-
netic distance from the focal species. However, this
approach can obscure the very ecological variation in
feedback effects that needs to be quantified in order to
evaluate the capacity for PSF to affect species coexis-
tence. Instead, to quantify this variation, we used a
regression-based analysis of seedling growth across a
range of phylogenetically defined soil conditioning envi-
ronments, which facilitated generalization of PSF-
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mediated seedling growth responses across the commu-
nity of overstory trees present at our field site and
allowed for consideration of realistic variation in soil
nutrient availability. We predicted that (1) PSF trends in
this forest would, on average, be negative, supporting
negative PSF as a mechanism promoting floristic diver-
sity, but that (2) this variation would be modified by
mycorrhizal type and soil fertility. Specifically, we
expected EM seedlings to experience less negative overall
feedbacks from host specific microbes than AM seed-
lings, and that the abiotic environment would have a
smaller effect on host specific plant-microbe interactions
for EM seedlings than AM seedlings.

METHODS

Study site

Lambir Hills National Park (LHNP) is a 7,800-ha pro-
tected area in northwest Borneo in Sarawak, Malaysia
(4°20' N, 113°50" E). It is classified as tropical mixed
dipterocarp forest (Lee et al. 2002). A 52-ha, long-term,
forest dynamics plot located at this site (Lee et al. 2002) is
characterized by two geological formations that produce
a gradient of soil texture spanning coarse, infertile sandy
loam to fine, less infertile clay soil (Baillie et al. 2006).
Variation in tree species composition and dynamics in the
plot is strongly structured by this edaphic fertility gradi-
ent (Davies et al. 2005, Russo et al. 2005). Over 1,200 tree
species occur in the plot, with dominance by species of
the EM Dipterocarpaceae, which account for approxi-
mately 16% of stems and 42% of basal area (Lee et al.
2002). Forest wide seed production occurs irregularly,
separated by multi-year intervals in southeast Asian rain-
forests. We took advantage of a 2013 fruiting event to
establish a seedling shadehouse experiment at LHNP. We
used the well-described forest community variation along
the edaphic gradient in the plot as the basis for our exper-
imental design to separate the effects of mycorrhizal type,
soil properties, and phylogenetic relatedness to overstory
trees on seedling growth.

Experimental design

In order to understand the causes of variation in
plant—soil-microbe interactions at LHNP, we established
a shadehouse experiment using seeds collected after a
2013 general flowering event. Seedlings were grown in
factorial combinations of soil treatments designed to
manipulate the presence of host specific soil microbes
(via phylogenetically structured field soil collections),
variation in soil nutrient conditions (via geologically
structured soil collections), and seedling mycorrhizal
status (via collection of seeds from AM or EM tree spe-
cies). To more precisely separate biotic and abiotic fac-
tors that influence seedling growth, our experimental
design also included a factorial fungicide treatment as
well as quantitative measurement of nutrients from each
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soil collection. Each experimental treatment is described
in detail below and presented graphically in Fig. 1.

Manipulation of host specific microbes through
phylogenetic based soil collection

In order to manipulate the presence of host specific
microbes that might influence seedling growth, we grew
seedlings of each focal species in soils collected from
beneath adult trees that differed in their phylogenetic relat-
edness to the focal seedling species. To include a consistent
range of phylogenetic distances, for each seedling species
we collected soils from beneath adults that were conspeci-
fic, congeneric, confamilial, conordinal, or a different lin-
eage (hetero-ordinal). We refer to these overstory trees
hereafter as “conditioning species.” Soil collections for
each seedling species x phylogenetic combination were
sourced from a single conditioning species. To better sepa-
rate the effect of phylogenetic relatedness from mycor-
rhizal association, for each focal species, we included both
a distantly related EM host soil source and a distantly
related AM host soil source (hetero-ordinal in both cases).
Hereafter we use the term “phylogenetic distance(s)” to
refer to the soils collected from different conditioning spe-
cies and “phylogenetic PSF” to refer to microbe-mediated
growth effects that depend on the phylogenetic relatedness
of the conditioning species to the focal species.

Manipulation of soil nutrients through geologically
structured soil collections

In order to test the influence of soil resource availability
on plant microbe interactions, our phylogenetically struc-
tured soil collections were crossed with the two primary
soil formations at LHNP, sandy loam and clay, respec-
tively, the low and high points of the local soil fertility
gradient. Thus, for each seedling species, the phylogenetic
distance gradient from congeneric to hetero-ordinal was
replicated on lower and higher fertility soils. Because
there are few generalist tree species that occur on both
soils (Davies et al. 2005), soil inocula for each phyloge-
netic level were necessarily sourced from different species
on sandy loam vs. clay soils (Appendix S1: Table S1).
While we treated soil type categorically in our design and
soil collection process to ensure we captured the local
range of soil fertility, there is also important variation in
fertility within soil types (e.g., due to overstory litter
inputs or different conditioning tree species). To account
for abiotic differences in soil nutrients due both to geol-
ogy and tree species, for each soil collection from a given
conditioning species, we measured starting supply rates of
14 plant-available anions and cations (see Appendix S1:
Fig. S1). This was done for all soil collections and the cor-
responding fungicide addition treatments (see below), for
a total of 31 conditioning species x 2 fungicide treat-
ments = 62 soil collections. Soil nutrient supply was esti-
mated using Plant Root Simulator (PRS) ion exchange
resin membranes (Western Ag Innovations, Saskatoon,
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Fic. 1. Experimental design overview, illustrating the factorial experimental treatments used in the shadehouse experiment.

The design manipulated (a) overstory composition: the presence of host-specific microbes by growing seedlings in soils collected
from overstory trees ranging in phylogenetic relatedness from conspecific (pink) to hetero-ordinal (purple); (b) resource availability:
the availability of soil nutrients by collecting soils from geological formations giving rise to two distinct soil types (sandy loam or
clay), and (c) fungal biota: the activity of fungal pathogens and mutualists through the application of fungicide. This design was
replicated for each of the three AM and five EM seedling focal7 species grown in the shadehouse experiment.

Saskatchewan, Canada). PRS probes were buried for
8 weeks in 2-L pots filled with a representative sample of
each soil collection x fungicide treatment (without seed-
lings, as specified by the manufacturer), after which
probes were removed, processed, and sent to the manu-
facturer for chemical analysis. This allowed us to use
quantitative metrics of soil fertility in subsequent analyses
rather than categorical effects.

Manipulation of host specific microbes through fungicide
application

As an additional step to confirm the biotic nature of
any effects on plant growth, we included a factorial
fungicide treatment in our experiment. As all mycor-
rhizas and many key plant pathogens are fungal we
assumed fungi are the primary drivers of host specific
growth effects. To do this, we added a captan fungicide
treatment such that half of all seedlings of each focal
species in each soil type x phylogenetic distance treat-
ment combination received fungicide. While fungicides
are known to vary in their efficiency across fungal taxa,
soil types, and non-target organisms (Bagchi et al. 2014),
we chose Captan as a similar study from southeast Asia
found that it effectively removed the effect of host speci-
fic soil pathogens (Liu et al. 2011).

Seed collection of AM and EM tree species

In order to test the effects of mycorrhizal association
on plant-soil-microbe interactions, we collected seeds
from AM and EM tree species between December 2013

and February 2014, following a general flowering event in
the fall of 2013. Seeds were collected prior to or in very
early stages of germination. We did not collect seeds if the
emerged radicals had touched the litter on the forest floor.
Seeds were not surface sterilized due to speed of germina-
tion (for most of the study species, seeds have no dor-
mancy and germinate shortly after or immediately upon
dropping) and concern that this would kill the seedlings.
We washed seeds thoroughly to remove any soil, and then
rinsed them in sterile water before placement into trays of
commercially obtained washed river sand. Seeds germi-
nated in January and February 2014. We were able to col-
lect sufficient seeds from four dipterocarp EM hosts
(Dryobalanops aromatica, Shorea curtisii, Shorea laxa,
and Shorea scaberrima) and one species of Fagaceae (Cas-
tanopsis hypophoenica). The three focal AM host species
(Dacryodes expansa, Whiteodendron moultonianum, and
Madhuca utilis) were from three different families, Burser-
aceae, Myrtaceae, Sapotaceae, respectively. In total, our
experiment consisted of 1,127 seedlings with 3-10 seed-
lings per treatment combination. Variation in the final
number of replicates between seedling species (8 seedling
species x 5-6 soil phylogenetic distances (soil condition-
ing species) per species x 2 soil types x 2 fungicide
groups x 3-10  replicates = 1,127)  (Appendix  Sl:
Table S2) was due to variability in seed production and
our ability to source soil treatments.

Field soil collection methods

We collected soils to be used as inoculum for the PSF
treatments from one to three source trees per
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conditioning species. Because of the possible disturbance
involved we did not collect soils from within the Lambir
Forest Dynamics Plot (where all stems >5 cm have been
mapped and inventoried), and thus were constrained by
our ability to locate and identify tree species in the adja-
cent forest, which has not been mapped and inventoried.
Vouchers for all tree species used for soil collection are
kept in the Lambir Forest Dynamics Plot herbarium (a
list of all soil collections is in Appendix S1: Table S1).
Soils were collected within 2 m from the trunk of each
source tree and at multiple locations around the base of
the tree when possible. Leaf litter was cleared from col-
lection sites, and soil pits were dug to a depth of up to
30 cm using a shovel sterilized with 70% ethanol. All
soils from each pit were sieved through baskets with
3 x 10 mm mesh size to remove rocks and large roots,
and to homogenize particle size, but the coarse mesh
allowed fine root fragments and other sources of micro-
bial inoculum to persist. Soils collected from a given
conditioning species were pooled, thoroughly homoge-
nized, and subsequently mixed 1:1 with commercially
obtained sand to improve drainage. Soils were processed
and mixed within 24 h of collection from the field, and
2 L of the live soil/sand mixture was used per seedling.

While there has been recent discussion critiquing the
common use of pooled inoculum (mixed soil samples) in
plant soil feedback studies (Reinhart and Rinella 2016,
Rinella and Reinhart 2017) there is lack of broad con-
sensus against this method and the only empirical com-
parison of mixed soil sample and independent soil
sample approaches to date found no influence on study
outcomes (Gundale et al. 2019). As a result, the use of
mixed soil samples in our study is unlikely to affect our
results or their interpretation.

Seedling establishment and measurements

In February and March of 2014, seedlings were trans-
planted from germination trays into soil mixtures in 2 L
polyethylene pots in the shadehouse. Transplanting into
soil mixtures took place within three days of live soil col-
lection. Seedlings were allowed to establish for 10 d, dur-
ing which time they were replaced if they suffered
transplant mortality. At 10 d after transplant, we mea-
sured two stem diameters at a marked point on the stem
near the base of the seedling, height from the marked
point to the apical meristem, and leaf number for all
seedlings in order to estimate initial biomass. All seed-
lings were kept well-watered throughout the duration of
the experiment, using rainwater from a catchment sys-
tem to avoid unintentional introduction of soil organ-
isms or sediment by the local water source, which is
stream fed. In the shadehouse, seedlings were arranged
in experimental blocks.

For each focal species, seedlings were distributed at
random among 16 nursery benches, ensuring that treat-
ment combinations were distributed evenly. Whole
benches were designated either for control (non-
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fungicide) or fungicide treatment, alternating control
and fungicide benches inside the shadehouse to avoid
drift during fungicide application. Pairs of adjacent con-
trol and fungicide benches were designated as experi-
mental blocks, with a total of eight experiment blocks.
From 10 days after transplant until the end of the experi-
ment, seedlings designated for fungicide treatments were
given a Captan application fortnightly, consisting of a
soil drench in aliquots of 50 mL/individual at a rate of
0.66 g/L following (Liu et al. 2011). All control plants
received a 50 mL “mock treatment” of water at the same
interval. Captan is a metalaxyl-based broad-spectrum
fungicide, which acts on a wide range of soil fungi
including both Oomycete and fungal pathogens (Cohen
and Coffey 1986, Barbera 1989, Martinez-Toledo et al.
1998).

Seedling harvest

Seedlings were harvested between mid-February and
June 2015, and ranged from 325 to 453 d old. All tissues
were separated and oven dried at 60°C for at least 72 h
before weighing to an accuracy of 0.0001 g to obtain the
biomasses of leaves, stems, coarse, and fine roots, and
total plant biomass. To develop allometric equations for
estimation of initial biomass of experimental seedlings,
the same data were collected for a subset of 6-20 seed-
lings (depending on seed availability) of each focal spe-
cies harvested at the beginning of the experiment
(Appendix S1: Table S3).

Fresh roots of all EM host species (Dryobalanops,
S. curtisii, S. laxa, S. scaberrima, Castanopsis) were
inspected for ECM colonization at harvest using a 10x
dissecting microscope. We estimated percent coloniza-
tion by counting approximately 100 root tips from 10
~1-cm root fragments sampled randomly from the root
system of each seedling and scoring each tip as either
colonized or uncolonized. Estimates of colonization
were made immediately following root washing, and
root fragments used were returned to the root system
before further processing. Field conditions prevented us
from estimating AM colonization, which requires addi-
tional staining procedures and higher magnification
microscopy. While we retained dried roots for AM stain-
ing, import permit restrictions have prevented us from
examining them.

Data analysis

To determine the primary factors that influence the
outcome of plant-microbe interactions, we developed
statistical models to test the effect on plant growth of
our four experimental variables: mycorrhizal association
(factor with two levels), phylogenetic distance (continu-
ous), soil fertility (continuous), and fungicide applica-
tion (factor with two levels). Calculation of continuous
variables and model design are explained in more detail
in Statistical modeling.
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Phylogenetic tree assembly and seedling—soil phylogenetic
distance

In order to quantify how evolutionary history influ-
ences plant response to host specific microbes, we first
estimated evolutionary relationships among tree species
used in this study by assembling a phylogenetic tree of
all plant taxa used either as seedlings in the growth
experiment or soil conditioning species (Methods S1).
To ease interpretation seedling—soil phylogenetic dis-
tances were relativized by the maximum distance within
each focal species (361 million years ago, for all species)
to give a relative phylogenetic distance measurement
ranging from 0 (conspecific) to 1 (distantly related; Liu
etal. 2011).

This phylogenetic approach differs from traditional
PSF approaches (e.g., Mangan et al. 2010) by defining
plant soil feedbacks as a trend in seedling performance
across a gradient of soils with respect to the phylogenetic
distance between the focal seedling species and the con-
ditioning adult species, rather than comparing growth in
home vs. away soils. Second, rather than examining
response ratios, we measured response directly in terms
of plant growth. This is facilitated by our phylogenetic
design and allowed us to (1) examine plant responses
using a more intuitive metric, (2) avoid the artificial loss
of variance associated with using average growth on con-
specific soils to calculate response ratios, and (3) to
explicitly consider interactions with realistic variation in
soil fertility. Additionally, to the extent that evolutionary
relationships influence the degree to which species share
both pathogens and mutualists, phylogenetic analysis
can help to predict the range of possible growth feed-
backs a seedling may experience in a diverse tree com-
munity. While this approach is somewhat different than
that used in other PSF studies, our approach is measur-
ing the same underlying phenomenon (i.e., differences in
the effect of soil microbes on plant growth) and thus for
the purposes of this study we define these changes in
growth rate inferred from regression as PSFs.

Measurement of soil fertility

Since soil nutrient rates were correlated (Appendix S1:
Fig. S1), we used the first component of a principle com-
ponent analysis as an index of soil fertility and statistical
predictor variable. The first principle component
explained 78.4% of variance in soil nutrient availability,
and was positively correlated with nitrate, phosphorous,
potassium, calcium, and magnesium (Appendix SI:
Fig. S2). To confirm that there was no correlation
between soil fertility and phylogenetic relatedness
between the focal and conditioning species we calculated
local Moran’s I (I;) on soil fertility for all species from
which soils were collected, treating soil fertility as an
extended plant trait. Moran’s 7 is a Localized Indicator
of Phylogenetic Association (LIPA) and measures local
correlation of signal among closely related species in the
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phylogeny (Keck et al. 2016). This analysis was run for
each focal species, to ensure that for no focal species was
soil fertility confounded with phylogenetic relatedness to
the conditioning species of each soil. We found no signif-
icant I; values for any focal species, in either control or
fungicide groups. These tests were implemented using
the packages phylobase (R Hackathon et al. 2020) and
phylosignal (Keck et al. 2016).

Growth analysis

To assess plant performance across our treatments we
calculated the relative growth rate (RGR) of biomass
(mg-g 'd7!) for each scedling as [log(bmy) — log
(bm;))/d, where bmy, is biomass at harvest, bm; is esti-
mated initial biomass at first census (at transplant), and
d is the number of days between the initial census and
harvest. Initial biomass estimates were predicted from
species-specific linear regression models developed using
the stem diameter, stem height, and leaf number mea-
sured on seedlings harvested at transplant as predictor
variables. We selected reduced models for each species
using an AIC threshold of 2 and used the resulting pre-
ferred models to estimate initial biomass for seedlings in
the experiment (adjusted R*> = 0.32-0.97, Appendix S1:
Table S3).

Statistical modeling

We employed a replicated regression-based analysis
(sensu Sayago et al. 2004) to measure treatment effects
on seedling growth rate using a linear mixed-effects
model. RGR of total biomass was the response variable,
with mycorrhizal type (AM vs. EM), phylogenetic dis-
tance between focal and conditioning species, soil fertil-
ity index, and fungicide treatment (control/no-fungicide
vs. fungicide) as fixed effects. We retained all higher
order interactions among fixed effects, as they were
explicitly designed into the experiment to test our
hypotheses. Species and experimental block were mod-
eled as random effects with a nested structure (block
within species). Support for different random effects
models was evaluated using AIC model selection with
maximum likelihood estimation, which favored retaining
random intercepts and dropping random slopes for both
variables. To better evaluate individual species responses
to experimental treatments, we also fit separate mixed
models for each focal species using the same fixed effect
model, but with only experimental block as a random
intercept.

All growth models were fit using the package nlme
(Pinheiro et al. 2018). Residuals were assessed visually
for normality, and heteroscedasticity was assessed using
Levene’s tests for equality of variances. When necessary,
heteroscedasticity of continuous or within-group error
was modeled using variance functions in the nlme pack-
age, and support for variance weighting was confirmed
using AIC. We compared fixed effects estimates across
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experimental groups using least squares means to esti-
mate the marginal effect of linear predictors as imple-
mented in the package emmeans (Lenth 2016). To
further explore the nature of interactions between phylo-
genetic distance, mycorrhizal type, and fungicide, we
used simple slopes analysis (Cohen et al. 2003, Bauer
and Curran 2005) as implemented by reghelper (Hughes
2020). Simple slopes is a form of interaction test for
moderated multiple regression models that allows for
testing whether the effect of one predictor differs from
zero over different ranges or levels of other moderators
within the model. We also ran independent models for
subsets of data containing only seedlings in the Control
or Fungicide treatments.

EM colonization analysis

We analyzed effects of all experimental treatments on
percent EM colonization of all EM focal species using a
generalized linear mixed model (GLMM) of the number
of colonized root tips on a seedling out of 100 sampled.
We used the same model structure as for the growth
models described in “Growth analysis”, except with a
negative binomial error distribution. We used a negative
binomial because a binomial error distribution was not a
good fit to the percent colonization data due to overdis-
persion, as supported by AIC model selection and the
dispersion parameter estimate (Appendix S1: Table S4).
Root EM-colonization data were zero-inflated because of
a large proportion of uncolonized seedling root systems
in one species, Castanopsis, in which 51% of seedlings
remained uncolonized by EM fungi at the end of the
experiment. In contrast, very few seedlings of the four
other EM species were uncolonized (0-7.5%), and the
mean percentage of seedlings colonized among these spe-
cies was high (97% =+ 1.6%; mean + SE). We therefore
excluded uncolonized seedlings of Castanopsis from our
colonization model and separately modeled colonization
success (whether a seedling was colonized or not) for
Castanopsis using a GLMM with a binomial error distri-
bution. Removing zero-count data from Castanopsis cor-
rected zero-inflation in the overall data set without
altering the underlying distribution (Appendix Sl:
Fig. S3), and the GLMM fit to zero occurrence for Cas-
tanopsis alone indicated no significant treatment effects
on its colonization success (Appendix S1: Table S5). To
ensure that the removal of uncolonized Castanopsis from
the data set did not bias the results of our main colo-
nization model, we compared our results to (1) a model
fit after dropping uncolonized seedlings of all species and
(2) a model fit after dropping all Castanopsis data points,
both of which yielded nearly identical inference
(Appendix S1: Tables S6 and S7).

To assess the effects of EM colonization on seedling
RGR, we used a simple linear regression model with EM
host species and percent root colonization as interacting
fixed effects. All GLMMs were fit using the packages
Ime4 (Bates et al. 2015) and dispersion parameters were
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estimated using the package blmeco (Korner-Nievergelt
et al. 2015). We compared marginal effects estimates of
fixed factors across experimental groups as implemented
in the packages emmeans (Lenth 2016) and sjPlot
(Liidecke 2018).

REsuULTS

Growth response

Seedling—soil phylogenetic distance affected seedling
RGR differently for AM vs. EM species, and this differ-
ence was removed by fungicide application (significant
mycorrhizal type x phylogenetic distance x fungicide
interaction; Table 1, Fig. 2). Without fungicide, RGR of
EM seedlings decreased as the phylogenetic distance of
the conditioning soil increased, consistent with positive
PSF  (phylogenetic distance slope = —0.63 + 0.20;
P = 0.006 Appendix S1: Table S8). In contrast, for AM
seedlings, biomass growth rate increased as phylogenetic
distance increased, consistent with negative PSF (phylo-
genetic  distance  slope = 0.51 £ 0.48; P =0.12
Appendix S1: Table S8). Slopes for AM and EM differed
significantly from each other in control treatments (myc-
orrhizal type x phylogenetic distance P = 0.018;
Appendix S1: Table S9). By contrast, among fungicide-
treated seedlings, phylogenetic distance did not signifi-
cantly affect the biomass growth rate of seedlings of
either mycorrhizal type (EM phylogenetic distance
slope = —0.16 + 0.29; P = 0.619, AM phylogenetic dis-
tance slope = —0.24 + 0.33; P = 0.636 Appendix SI:
Table S8), nor did AM or EM differ from each other
(mycorrhizal type x phylogenetic distance = 0.827;
Appendix S1: Table S9). The impact of phylogenetic dis-
tance also varied with soil fertility, depending on mycor-
rhizal type (significant mycorrhizal type x soil
fertility x phylogenetic distance interaction; Table 1,
Fig. 3). While variation in biomass growth of AM seed-
lings with phylogenetic distance tended to be more con-
sistent with negative PSF as soil fertility increased, for
EM seedlings the growth-phylogenetic distance relation-
ship did not depend on soil fertility.

In the all-species model of biomass growth, the ran-
dom effects model incorporating species and experi-
mental block accounted for most of the explained
variation in growth rate, whereas fixed effects
accounted for only 2% (marginal R* of 54% vs. condi-
tional R? of 56%). For individual species models, effect
sizes for experimental treatments differed greatly among
species (Appendix S1: Table S10), and the variance
explained by fixed effects ranged from marginal
R><0.1% (Castanopsis) to  marginal-R*> = 14%
(S. scaberrima), with seedling-soil phylogenetic distance
accounting for <0.1% (Madhuca) to 10% (S. scaber-
rima). In two species, second-order interactions
explained more variance than all main treatment effects
combined (Dacryodes, Dryobalanops).
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Treatment effects on seedling biomass growth rate based on linear mixed model ANCOVA using fixed effects of host

mycorrhizal type (AM or EM), soil fertility, seedling-soil phylogenetic distance, and fungicide application with random effects of

focal species and experimental block.

Treatment effects x> df P Variance SD
Fixed effects

Mycorrhizal type 0.137 1 0.711

Soil fertility 0.792 1 0.374

Phylogenetic distance 4.591 1 0.032

Fungicide 1.113 1 0.291

Mycorrhizal type x Soil fertility 3.692 1 0.055

Mycorrhizal type x Phylogenetic distance 3.028 1 0.082

Soil fertility x Phylogenetic distance 2.682 1 0.101

Mycorrhizal type x Fungicide 0.403 1 0.525

Soil fertility x Fungicide 0.489 1 0.484

Phylogenetic distance x Fungicide 0.019 1 0.889

Mycorrhizal type x Soil fertility x Phylogenetic distance 4.502 1 0.034

Mycorrhizal type x Soil fertility x Fungicide 1.380 1 0.240

Mycorrhizal type x Phylogenetic distance: Fungicide 4.180 1 0.041

Soil fertility x Phylogenetic distance x Fungicide 1.089 1 0.297

Mycorrhizal type x Soil fertility x Phylogenetic distance x Fungicide 0.034 1 0.853
Random effects

Focal species 1.479 1.216

Block 0.228 0.477

a ;. b
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Fic. 2. Plant-soil phylogenetic distance effect on plant growth across mycorrhizal types in (a) control and (b) fungicide groups.
The arbuscular mycorrhizal (AM) group is shown in black and the ectomycorrhizal (EM) group in green. Trend lines indicate the
model estimated marginal effect of seedling—soil phylogenetic distance for fungicide and control groups; solid lines indicate esti-
mates not overlapping zero, while dashed lines indicate estimates overlapping zero. For visualization purposes only, data are sum-
marized as the within-species by phylogenetic distance mean + SE to improve readability and adjust for random effects; point
intensity indicates the number of observations within each summary point (range = 3-27). Mycorrhizal type x phylogenetic dis-
tance x fungicide treatment interaction P = 0.041. Trend lines estimate marginal effects at intermediate fertility.

Ectomycorrhizal colonization

We found that, in EM seedlings, all three main effects
of soil fertility, phylogenetic distance, and fungicide
application significantly affected the percent EM colo-
nization of seedling root systems (Appendix SI:

Table S11). Fungicide application significantly decreased
colonization by EM fungi (x*>=19.29, df=1,
P <0.001) from 39.5% + 1.6% to 33.3% + 1.4%, a
roughly 15% reduction (Fig. 4¢), suggesting that fungi-
cide treatment had direct effects on root-associated
fungi. Increasing seedling—soil phylogenetic distance also
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b
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Plant-soil phylogenetic distance effect on seedling growth estimated at different soil fertility levels in (a) AM and (b)

EM groups. Purple circle, blue triangle, and yellow squares indicate low, intermediate, and high intervals of soil fertility. Trend lines
indicate the model estimated marginal effect of seedling—soil phylogenetic distance estimated at three levels of soil fertility; solid
lines indicate estimates not overlapping zero, while dashed lines indicate estimates overlapping zero. For visualization purposes only
and to facilitate interpretation of the continuous interaction term, data are binned over three soil fertility intervals and summarized
as the within species x phylogenetic distance mean + SE and have been adjusted for random effects; transparency indicates obser-
vations within each summary point (range = 3-37). Mycorrhizal type x soil fertility x phylogenetic distance interaction
P = 0.034. Data and trend lines are averaged over both fungicide and control groups.

significantly reduced root fungal colonization in EM
hosts (x> = 9.37, df = 1, P = 0.002; Fig. 4a). Increased
soil fertility was associated with greater colonization
(x2 = 18.62, df = 1, P < 0.001), and this effect was more
pronounced in control seedlings than those that received
fungicide (interaction y}=10.12, df =1, P =0.001;
Fig. 4b). Colonization by EM fungi was also signifi-
cantly associated with faster biomass growth rate
(Fy, 599 = 55.27, P < 0.001), an effect that was consistent
across species (interaction Fy sg9 = 0.5325, P = 0.71)
(Fig. 5). In species-specific tests, the correlation between
root colonization and growth varied substantially and
was significant for all species except Castanopsis
(Castanopsis r = 0.17, df = 59, P = 0.186; Dryobalanops
r=20.25 df =145 P =0.002; S. curtisii r= 047,
P <0.001; S laxa r=0.20; P=0.014, S. scaberrima
r=0.27, P = 0.030).

Discussion

Among other hypotheses, negative plant soil feed-
backs (PSFs) have emerged as a potential mechanism
thought to promote coexistence in high diversity plant
communities through the strong effects of species-speci-
fic pathogens (Augspurger and Wilkinson 2007, Bagchi
et al. 2010h, 2014). Despite recognition of the effects of
EM fungi on both PSF (Bennett et al. 2017, Teste et al.
2017) and critical soil processes (Clemmensen et al.
2013, Phillips et al. 2013, Averill et al. 2014, Terrer et al.

2016), there are few studies of tropical PSF outside of
AM-dominated neotropical forests. To address these
knowledge gaps, we used a manipulative experiment
with seedlings of eight tree species to investigate sources
of variation in plant-microbe interactions in a high
diversity, codominant AM-EM rain forest in Borneo.
Our results show that early seedling growth in this forest
is influenced in predictable ways by adult tree condition-
ing of the soil microbial community. Moreover, we found
that the strength and direction of these growth effects
depend on a tree species’ mycorrhizal association, local
soil nutrient availability, and the phylogenetic related-
ness of the overstory tree species.

The strength of conspecific negative density depen-
dence (CNDD) and PSF experienced by tropical tree
species is often interpreted as primarily a function of
susceptibility to species-specific natural enemies. How-
ever, our results add to growing evidence that PSFs are
more complicated than this (De Long et al. 2018). We
reason that dispersing seeds encounter a spatially hetero-
geneous landscape of microbes that influence their
growth across the forest floor. The resulting heterogene-
ity in seedling growth and mortality stem directly from
negative interactions with natural enemies, but also from
the evolutionary history of plants with fungal mutualists,
and how soil resource availability affects these resource-
trading relationships. Theoretical models suggest that
the size of the tree species pool combined with differ-
ences in the benefits conferred by AM vs. EM fungi to
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their hosts affect the probability of tree species’ rising to
competitive dominance (Fukami et al. 2017). Yet, how
the complexities that we have discovered in the drivers of
PSF enhance the diversity-maintaining mechanism of
CNDD vs. promoting dominance of tree taxa with par-
ticular mycorrhizal associations across environmentally
heterogeneous landscapes requires further exploration.
The regional dominance of species in a single tree
family, the Dipterocarpaceae, in Southeast Asian forests
(Alexander and Hogberg 1986), as well as the capacity
of some EM host species to form monodominant stands
in otherwise high-diversity tropical rain forests (Connell

Seedling root colonization by EMF is positively associated with seedling growth rate across all EM species. Lines indi-

and Lowman 1989, Torti et al. 2001) have defied con-
vincing explanation. One hypothesis is that, in contrast
to AM host species, EM host species have less negative
or even positive PSFs, and that EM PSFs become more
positive in soils conditioned by closely related species,
which would ultimately act to generate a positive feed-
back for recruitment of EM host species from the same
evolutionary lineage at larger spatial scales (Fukami
et al. 2017). Consistent with this hypothesis, we demon-
strate that seedlings of EM species, particularly those of
the Dipterocarpaceae, experience more positive effects
from host-specific soil microbes and that, based on the
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results from our fungicide treatment, association with
fungal mutualists likely underlies these effects. We also
found that seedlings of AM tree species experienced
more negative effects of host specific microbes and that
the effect of growing under soils conditioned by close
relatives was opposite to EM host species. The suite of
possible drivers of such PSFs should be the same across
all forests, but as we have demonstrated here, the relative
strength, direction, and phylogenetic influence of PSF
can differ across mycorrhizal types and soil environ-
ments in a species-rich tropical forest. Results from our
study generalize the findings from temperate forests that
show corresponding patterns of more positive PSF for
EM tree species (Bennett et al. 2017), as well as a recent
field study from subtropical Asia showing that soil accu-
mulation of EM fungi reduces conspecific negative den-
sity dependence (Chen et al. 2019). Beyond this, our
results suggest that there are important differences
across major tropical regions in the nature of PSFs
depending on the composition of the local species pool
and geological history.

Mpycorrhizal variation in feedback effects

There is increasing evidence that the abundance and
distribution of EM host species can affect forest diver-
sity and ecosystem functions, such as corresponding car-
bon storage, nutrient cycling, and responses to
anthropogenic change (Averill et al. 2014, Terrer et al.
2016, Bennett et al. 2017). Previous work in temperate
North America has indicated that EM and AM tree spe-
cies may experience different plant—soil feedbacks, with
EM and AM taxa experiencing conspecific facilitation
and inhibition, respectively (Bennett et al. 2017). Given
the substantial differences in climate, soil environment,
and biotic assemblages, it was unclear whether similar
patterns would also be observed in tropical ecosystems,
but our findings are consistent with those from temper-
ate forests and extend them by showing variation
between AM and EM host species in the effect of phylo-
genetic relatedness on PSF. For seedlings of EM trees,
slower growth in soil collected from under distantly
related tree species likely results from reduced availabil-
ity or compatibility of EM fungal inoculum in soil and
thus reduced root colonization by these mutualists, as in
our experiment. While previous work in this forest has
shown that interactions between EM fungi and Diptero-
carpaceae may not show strict host specificity among
confamilial species (Peay et al. 2015), our results here
suggest that host preferences exist that can improve colo-
nization and benefits for seedlings growing beneath con-
specifics or close relatives, leading to positive PSFs. The
beneficial effects we observed could also stem from
reduced pathogen infection, as EM fungi can increase
disease resistance, including via direct antagonism with
soil fungal pathogens (Marx 1972, Chakravarty and
Unestam 1987, Lie et al. 1995). Thus, while all seedlings
likely confront greater abundance of pathogens to which
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they are susceptible when growing near close relatives,
our results suggest that such negative effects could be
more strongly ameliorated in EM vs. AM hosts by
improved growth resulting from greater EMF coloniza-
tion, more favorable resource-trading relationships, and
reduced infection by or impacts of pathogens (Bennett
et al. 2017).

In contrast, we show the opposite pattern in AM
hosts: faster growth in soil collected from beneath dis-
tantly related tree species, which could arise through sev-
eral mechanisms. Since closely related plant species tend
to share pathogens, this phylogenetic PSF could be
mediated by escape from natural enemies of near rela-
tives (Gilbert and Webb 2007, Liu et al. 2011). Since
AM fungi are generally broader in host range than EM
fungi (Davison et al. 2015), seedlings of AM host species
are less likely to lose the benefit of mutualists when
growing under more distantly related tree species.
Indeed, because of variation along the mutualism—para-
sitism continuum (Bronstein 1994), AM fungi conferring
minimal benefits to plants can dominate locally and
themselves cause negative feedbacks (Bever 2002). Dis-
secting how the interactions with pathogens and mutual-
ists differ between AM and EM host species to produce
the variation in PSFs that we observed would be aided
by genomic evidence identifying the microbial colonists
of these seedlings’ roots.

Within mycorrhizal types, individual species were also
a significant source of variation in PSF strength. This is
not surprising, given the individual variation in growth
rates between species, and given that variation in PSF
within mycorrhizal types has been documented in the
temperate biome as well (Bennett et al. 2017). This inter-
specific variability has ecological consequences, but also
highlights the importance of testing multiple species in
PSF experiments, especially given that major effects were
sometimes not detectable with the reduced power of sin-
gle species models.

Interactive effects of biotic feedback and resource
availability

Ecological theory and empirical evidence indicate that
resource availability can strongly influence species inter-
actions and may shift crucial balance points for interac-
tions that exist along a mutualism—parasitism
continuum, including those between plants and mycor-
rhizal fungi (Johnson et al. 1997). Resource availability
has been found to affect both CNDD and PSF, with
stronger CNDD associated with greater soil resource
availability (LaManna et al. 2016) and more negative
PSF associated with increased light availability (Smith
and Reynolds 2015) in temperate forests. Consistent with
this, we found that among AM host species, greater soil
resource availability was associated with more negative
PSFs. Johnson et al. (2010) also found that AM fungi of
temperate grass species became less beneficial as soil fer-
tility increased. Among EM tree species, however, we



Article e03083; page 12

found that soil fertility had no effect on PSF. While the
mechanisms controlling resource trading relationships
between plants and EM fungi are poorly understood
(Bogar et al. 2019), our finding is consistent with the view
that, compared to AM, EM associations are more benefi-
cial to plants (Bennett et al. 2017) but see (Karst et al.
2008) and have greater plant control (Nehls et al. 2007).
Alternatively, EM fungal communities may simply have
greater functionality that provides stable benefits across
a larger range of soil conditions. In support of this idea, a
recent study showed that tropical EM-associated seed-
lings assimilated P in a broader range of chemical forms
than AM-associated seedlings (Liu et al. 2018). Interest-
ingly, Chen et al. (2019) also showed that accumulation
of EM fungi in the soil could also benefit AM host trees,
and suggested that AM trees may benefit from modifying
soil conditions to promote EM abundance. All soils in
our study site are relatively nutrient depleted (Baillie
et al. 2006), so it is possible that different outcomes
would have been observed at the high nitrogen levels that
have been shown in temperate forests to disrupt EM sym-
biosis (van der Linde et al. 2018).

Biogeographic variation in PSF

Our findings that EM trees experience positive effects
of host specific microbes may help explain some of the
biogeographic differences among tropical rainforests.
Average CNDD has been observed to be strongest in
species rich communities and at lower latitudes (Johnson
et al. 2012), an effect that is often attributed to more
negative effects of pathogenic fungi nearer the equator
(Bagchi et al. 2014, Bennett et al. 2017). In neotropical
forests, where the Janzen-Connell hypothesis was first
developed, negative PSFs appear to predominate (Man-
gan et al. 20105). While we observed some negative PSFs
for AM host species, PSFs varied strongly by mycor-
rhizal type and soil fertility, raising questions about the
generality of negative PSFs and whether they are the
dominant process maintaining species diversity in tropi-
cal tree communities. While the monospecific dominance
of EM hosts observed in some neotropical forests is
associated with a positive home soil advantage (McGuire
2007, Corrales et al. 2016), we show that net positive
effects of home soil microbes exist in a tropical forest in
which a high diversity of both EM and AM host species
coexist. This positive phylogenetic feedback may explain
some of the unique features of SE Asian forests, such as
the familial dominance of the Dipterocarpaceae. Simi-
larly, tree species distributions in dipterocarp forests are
more spatially aggregated than in non-dipterocarp for-
ests (Condit et al. 2000). Such greater spatial aggrega-
tion could arise from limited dispersal, but only in
combination with weak CNDD (Russo and Augspurger
2004), which our results show could be mediated by
more positive PSFs for EM host species. However, it is
unclear why some systems exhibit monospecific domi-
nance of EM host species, whereas others exhibit
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coexistence of AM and EM species at comparable levels
of richness. Fukami et al. (2017) developed a non-phylo-
genetic PSF model showing that such variation can arise
due to differences in trait characteristics of regional spe-
cies pools that would be promising to follow up with
future empirical studies.

CONCLUSIONS

In this highly diverse Bornean rain forest, we demon-
strate that host mycorrhizal association interacts with
soil fertility to produce a diversity of outcomes in the
interactions between seedlings and host specific
microbes. Because the distribution of host specific
microbes will also vary depending on the evolutionary
history of the overstory trees, seeds dispersed in this for-
est experience a complex landscape of plant-microbe
interactions that likely influence spatial patterns of
recruitment. To the extent that interactions between
plants and soil microbes contribute to CNDD, they must
influence diversity in plant communities (Mills and
Bever 1998, Johnson et al. 2012). Negative PSF is often
viewed as a primary driver of CNDD in species-rich
tropical forests (Mangan et al. 2010b), but the positive
and variable PSF that we found in a diverse tropical for-
est here may help explain biogeographic differences in
forest structure across tropical rainforests. Our findings
also call for greater investigation into the generality of
negative PSF in maintaining tropical tree diversity.
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